Liquid chromatography (LC) with diode array detection was used to screen for residues of the benzoylphenylurea (BPU) insecticides diflubenzuron, teflubenzuron, triflumuron, hexaflumuron, lufenuron, chlorfluazuron, flufenoxuron, and flucycloxuron in pome fruit and fruiting vegetables. The general sample preparation and extraction method for our gas chromatography (GC) and LC multiresidue methods scheme was used as a starting point. Crop samples were extracted with acetone and partitioned into dichloromethane-petroleum ether. Solid-phase extraction on aminopropyl-bonded silica cartridges was used to separate the BPU insecticides from major interfering sample components. LC separations were performed on a reversed-phase column, with an acetonitrile-water gradient as mobile phase. A diode array detector was used to monitor the insecticides at 260 nm and to acquire spectral information for additional confirmation. Recoveries and repeatability data were collected for 7 benzoylphenylurea insecticides in mushroom, Chinese cabbage, apple, and cucumber samples representing different commodity groups at one spike level. The limits of detection ranged from 20 to 50 µg/kg for all BPU insecticides studied and is dependent on the matrix-pesticide combination. A confirmation method for BPU insecticides based on GC-mass spectrometry (ion-trap detector) of the characteristic degradation products is also reported. Residues of BPU insecticides in pome fruit and fruiting vegetables found during our Dutch pesticide residue monitoring program in 1995-1998 are presented.
B
enzoylphenylureas are a class of insecticides that act by interfering with the formation of chitin and, thus, blocking molting to the next larval stage. In this way, the life cycle of the insect is interrupted (1, 2) .
Benzoylphenylurea insecticides are used as nonsystemic insect growth regulators for control of a wide range of leaf-eating insects and their larvae in vegetables, pome fruit, and mushroom. Because of their high selectivity and rapid degradation in soil and water, benzoylphenylurea insecticides have a slight effect on the natural enemies of various harmful insect species. These properties and their acute low toxicity for mammals make them suitable for inclusion in integrated control programs.
Thorough monitoring of pesticide residues is crucial for proper assessment of human exposure to pesticides through food. Effective monitoring of residues of pesticides in fruits and vegetables requires suitable multiresidue methods to identify as many pesticides as possible. Generally, this is accomplished with capillary gas chromatography (GC) in combination with electron captive detection (ECD), nitrogen phosphorus detection (NPD), flame photometric detection (FPD), and mass spectrometric (MS) detection systems (3) (4) (5) (6) (7) .
Liquid chromatography (LC) has emerged and has been adopted as an excellent complementary method for the multiresidue analysis of polar and thermolabile pesticides, such as N-methylcarbamates (8, 9) , benzimidazole fungicides (10, 11) , and urea pesticides (12, 13) .
A variety of analytical methods have been developed for determination of benzoylphenylurea insecticides in various matrixes (14) (15) (16) (17) . LC coupled to MS (LC/MS) has been reported as a viable technique for determining various classes of pesticide residues, including, benzoylphenylurea insecticides, through electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI) MS (18, 19) .
The most common cleanup technique for crop extracts containing residues of pesticides is gel permeation chromatography or solid-phase extraction (SPE). In 1992, our group succeeded in replacing the laborious cleanup method for N-methylcarbamate pesticides by a quick and practical cleanup using SPE on aminopropyl-bonded silica cartridges (8) . This method has been evaluated for its efficiency to clean up the crop extracts in the determination of benzoylphenylurea insecticides in fruit and vegetables.
Diode array detection (DAD) is preferable over UV detection for its ability to perform full-spectrum confirmation. LC-DAD now is commonly available in laboratories that do not have the relatively expensive LC/MS system.
Various methods have been developed for benzoylphenylurea insecticides during the past 2 decades. However, no monitoring results have been reported from routine screening of real samples. Through 1995-1998, our group conducted a monitoring program of benzoylphenylurea insecticide residues in domestic and imported pome fruit and fruiting vegetable samples. The results are presented in this paper. (e) Standard stock solutions.-Standards were obtained from commercial sources and pesticide manufacturers (Dr. Ehrenstorfer, Germany or Duphar, Weesp, Holland). Dissolve 10 mg benzoylphenylurea insecticide standard in 10 mL acetonitrile to give a concentration of 1.0 mg/mL stock solution, which is stable for at least 1 year in a freezer at -18EC. Prepare a diluted standard mixture by transferring 100 µL of each standard stock solution into a 100 mL volumetric flask and diluting to volume with acetonitrile to give a 1.0 µg/mL concentration of each benzoylphenylurea insecticide. Transfer 6 mL of the extract to sample vial, place a series of sample vials in a water bath (60EC), and gently evaporate solvent to near dryness. Allow remaining solvent to evaporate in air and redissolve residue in 1 mL dichloromethane. aminopropyl columns with 2 mL dichloromethane. Apply the extract from the sample vial quantitatively to the SPE cartridge. Wash SPE cartridge with 1 mL dichloromethane. Elute the SPE cartridge with 3 mL dichloromethane. Use 10 mL graduated tubes as reservoirs. Evaporate eluate gently in a water bath (50EC) and allow remaining solvent to evaporate in air.
METHOD

Apparatus
Cleanup
Redissolve the residue in 1 mL acetonitrile-water (50 + 50) with the help of an ultrasonic cleaner for 5 min. Filter the extract through a 0.45 µm membrane filter into autosampler vial. Inject 100 µL into the HPLC system and start data acquisition.
LC Analysis
Prior to use, filter the mobile phase solvents through a 0.45 µm filter with applied vacuum. Equilibrate LC system with acetonitrile-water (50 + 50) gradient at a flow rate of 0.50 mL/min. The gradient profile for the separation of the benzoylphenylurea insecticides was as follows: initial 50 + 50 acetonitrile-water, linear to 75 + 25 acetonitrile-water in 15 min, and hold for 5 min. After the gradient profile, let the LC system stabilize for an additional 10 min before starting the next run. Connect DAD and let stabilize for at least 30 min. Set the wavelength range of the DAD at 200-300 nm. Set the spectral bandwidth at 7 nm.
Batch sizes for determination were adjusted so that detector responses to replicate bracketing calibrations do not differ by more than 20%. Concentrations of the benzoylphenylurea insecticides were calculated by using a linear relationship between peak height and concentration. Compounds were identified according to their retention time and UV spectra.
Method Validation
For recovery experiments, homogenized untreated cucumber, apple, Chinese cabbage, and mushroom samples were spiked at 0.1 mg/kg with diflubenzuron, triflumuron, teflubenzuron, hexaflumuron, lufenuron, flufenoxuron, and chlorfluazuron. With a volumetric pipette, 1.5 mL (1.5 µg) of the 1.0 µg/mL diluted standard mixture was added to 15 g blank matrix in a centrifuge tube. Samples were mixed and al-
A quality control sample was prepared by adding 1.5 mL (1.5 µg) of the 1.0 µg/mL mixed standard solution of the benzoylphenylurea insecticides to 15 g of a blank sample in a centrifuge tube (0.1 mg/kg). The control sample was continuously analyzed in each series of routine samples as a quality assurance measure.
Results and Discussion
Chromatography
The benzoylphenylurea insecticides studied include 8 compounds that are used frequently in agriculture (Figure 1) . Gradient elution yielded good resolution and elution of all compounds within a reasonable time. Several separation parameters, such as composition, gradient slope, and eluent (acetonitrile, methanol), were evaluated. Despite these optimizations, one pair (flufenoxuron and flucycloxuron) could not be resolved with the final gradient profile applied. Separation of the 7 benzoylphenylurea insecticides was accomplished within 20 min with use of an acetonitrile-water gradient.
The importance of disposing of an extra confirmation above retention time with UV detection during screening of the benzoylphenylurea insecticides in crops was the reason for using DAD. A library of 8 spectra was generated from 100 ng absolute injected amounts of benzoylphenylurea insecticides on-column. DAD has proved useful in confirming the benzoylphenylurea insecticides to levels below 0.05 µg/g. But DAD is never an unambiguous identification, serving only as a convenient means of identifying false positives. Detector response was calibrated daily with the set of 3 calibration standards.
Quantitation of samples was based on peak heights obtained from injections of the cleaned extracts compared with those of the standards.
SPE Cleanup
SPE cleanup is widely accepted for LC analysis of pesticides in food and environmental samples. For analysis of N-methylcarbamate pesticides in fruits and vegetables (8) , our group developed a rapid and convenient cleanup method based on SPE of a dichloromethane extract on aminopropyl-bonded silica cartridges. A strong feature of this cleanup is the normal-phase mode of the SPE, which adds extra specifity and selectivity to the reversed-phase LC separation. Initial experiments showed that the benzoylphenylurea insecticides have more affinity for the aminopropyl-bonded silica phase than do N-methylcarbamate pesticides. Aminopropyl-bonded silica retained the benzoylphenylurea insecticides by means of primary, nonspecific surface interaction mechanisms based on dispersion forces. Contrary to the SPE method for the N-methylcarbamate pesticides, it was now possible to wash the aminopropyl-bonded silica column with 1 mL dichloromethane before elution of the benzoylphenylurea insecticides, which enabled the sample to be cleaned up properly. However, the necessary wash step causes a loss of about 50% of the first eluting compound, triflumuron.
Crop extracts partially started to elute on application of sample extracts in dichloromethane onto the SPE cartridges. Subsequently, crop extracts were further removed by washing with 1 mL dichloromethane. Crop extracts containing very polar groups like chlorophylls remained on the SPE column because of polar hydrogen bonding. Finally, the 8 benzoylphenylurea insecticides were eluted with 3 mL dichloromethane. Cleanup was efficient for all matrixes tested, except for cabbage. Despite the cleanup procedure and optimum gradient elution, there were still some interferences close to the retention time of diflubenzuron for this matrix. Figure 2 depicts a chromatogram of a blank cucumber sample and a cucumber sample spiked at 0.1 mg/kg after cleanup on an aminopropyl-bonded silica column.
Method Validation
Four matrixes-cucumber, apple, mushroom, and Chinese cabbage-were fortified with 7 benzoylphenylurea insecticides at 0.1 mg/kg. Each crop type represents a class of produce for which application of the benzoylphenylurea insecticides is approved in agriculture. Five replicate analyses were performed each time. Recovery data are presented in Table 1 . Overall average recoveries for 6 benzoylphenylurea insecticides were >75%. Recovery of triflumuron was only 50% because of losses during the wash step of the SPE cleanup. Washing the SPE column with 1 mL dichloromethane makes the benzoylphenylurea insecticides less prone to interferences by compounds from the crop matrix. Coefficients of variation (CVs) were in the range 2.7-10.8% for all compounds studied.
Calibration graphs were constructed for 7 benzoylphenylurea insecticides in the range 2.5-100 ng absolute injected amounts from the cleaned up matrix. Correlation coefficients were $0.995 for all 7 insecticides. With data from the calibration graphs, we calculated the limit of detection (LOD) from the equation 3 × SD y /B, where SD y is the standard deviation close to the origin and B is the slope of the calibration curve. LODs were in the range 20-50 µg/kg and were dependent on the matrix-pesticide combination. The LOD of triflumuron is higher because its recovery is lower than those of other benzoylphenylurea insecticides. The LOD for diflubenzuron in cabbage is higher than the LOD for diflubenzuron in other matrixes because a coextractive peak elutes immediately ahead of diflubenzuron, seriously affecting the baseline, negatively influencing the resolution, and artifically enhancing the diflubenzuron peak height.
The between-run precision of the method was measured by continuously analyzing a spiked control sample in each series of routine samples. Untreated blank samples of fruiting vegetables (e.g., cucumber, green pepper, melon) were chosen as relevant matrixes. From the analytical data of the control samples, between-run precision was calculated. CVs were <15%.
Confirmation
Generally in multiresidue analysis, positive samples should be confirmed by MS if possible. Because of the thermolability of the benzoylphenylurea insecticides, confirmation of intact compounds is not possible with GC. Urea compounds are degraded in the injection port of a GC system. The degradation is not very reproducible, making quantitation via degradation product(s) very difficult. Nevertheless, it is possible to identify these degradation products by capillary GC/MS. In our laboratory, residues of urea compounds are confirmed with GC in combination with an ion-trap detector (ITD; 7). Molecular formulas of the degradation products of benzoylphenylurea insecticides are given in Table 2 .
Except for triflumuron, the main fragment formed in the injection port is 2,6-difluorobenzamide (m/z = 157). Depending on the compound of interest, LODs of the benzoylphenylurea insecticides vary from 0.05 mg/kg for teflubenzuron, flufenoxuron, and lufenuron to 0.2 mg/kg for diflubenzuron when based on their degradation products. Extracted ion chromatograms obtained from the extract of a positive green pepper sample containing 0.12 mg teflubenzuron/kg are presented in Figure 3 .
Monitoring Results
In The Netherlands, the Inspectorate for Health Protection is responsible for enforcing maximum residue limits (MRLs) established for fruits and vegetables in the Residue Regulation (Pesticide Law). Under regulatory monitoring, the inspectorate samples lots of domestically grown and imported crops at local supermarkets, auctions, wholesalers' warehouses, and distribution centers of supermarkets and analyzes these products for pesticide residues. To expand the scope of the inspectorate's pesticide residue monitoring program, we initiated a study to determine the occurrence of benzoylphenylurea insecticides in pome fruit and fruiting vegetables.
The method was applied to apple, pear, cucumber, green pepper, and tomato samples that were analyzed within our residue monitoring project in 1995-1998. The results of this monitoring project are summarized in Table 3 . All positive samples were confirmed via full UV spectrum and GC/MS of degradation products. Residues of diflubenzuron were detected in 15% of all apple samples at concentrations ranging from 0.02 to 0.15 mg/kg. None of the samples exceeded the Dutch MRLs for diflubenzuron (1.0 mg/kg) in pome fruit (ap-ple, pear). In nearly 12% of all green pepper samples, residues of teflubenzuron were detected at concentrations ranging from 0.02 to 0.24 mg/kg. MRLs for teflubenzuron are set for cucumber (0.2 mg/kg), tomato (0.5 mg/kg), and green pepper (0.5 mg/kg). Residues of diflubenzuron and teflubenzuron occurred most frequently, whereas residues of hexaflumuron (1×) and lufenuron (2×) were detected only occasionally. Residues of triflumuron, chlorfluazuron, flufenoxuron, and flucycloxuron were never detected in the selected samples. However, during the last months of 1998, residues of lufenuron (1×) and flufenoxuron (2×) were detected in 2 grape samples, indicating that application of benzoylphenylurea insecticides has extended to other commodities. Figure 4 shows 2 chromatograms of a green pepper sample containing teflubenzuron at 0.12 mg/kg and a grape sample containing lufenuron at 0.05 mg/kg and flufenoxuron at 0.04 mg/kg. These data represent the first comprehensive survey in Europe. They demonstrate that it is worthwhile to include analysis of benzoylphenylurea insecticides in routine pesticide residue analysis schemes.
Conclusion
To expand the scope of the pesticide residue monitoring program, an SPE-LC method was developed for determination of 8 benzoylphenylurea insecticides in pome fruit and fruiting vegetables at low µg/kg levels. The method was validated for 4 representative crop sample types: cucumber, apple, cabbage, and mushroom. The relatively simple technique is characterized by high recovery (>75%) except for triflumuron (50%), good precision (<10%), and excellent sensitivity (20 ppb). Qualitative confirmation of the benzoylphenylurea insecticides can be done by identification of their degradation products by GC/MS. During 3 years of monitoring benzoylphenylurea insecticides in pome fruit and fruiting vegetables, a significant number of positive residues were found. In view of the number of such findings, inclusion of this analysis method in routine pesticide monitoring programs is justified.
